Chapter 5 Facile Assembly of Light-Driven Molecular Motors onto a Solid Surface
In order to improve the rotary motion of surface assembled light-driven molecular motors, tetraacid functionalized motors were bound to amine-coated surfaces without prior activation of the acid groups. In contrast to an earlier bipodal motor, the tetravalent motor showed no significant reduction on the rotation speed when attached to a surface. 
Introduction
A major challenge in nanotechnology is to build stimuli-responsive molecules to perform useful work. [1] Among the various organic molecules that have been proposed as components of future molecular devices and machines, [1] molecular motors based on overcrowded alkenes (motors) are highly promising systems.
[2]
These motors are able to convert light energy into repetitive unidirectional rotation, which occurs through a series of four steps involving photo-induced geometric isomerization and irreversible thermal isomerization reactions. It has been shown that molecular motors can be used to perform various tasks, such as propelling single molecules with control of directionality, [3a] controlling the chiral space in which a catalytic reaction takes place, [3b] inducing morphological changes in thin films, [3c] rotating micro-objects, [3d] and switching surface wettability in a reversible manner.
[4e]
By confining rotary molecular motors on a surface, the relative rotation of one part of the molecule with respect to the other can be converted to absolute rotation of the rotor relative to the surface. We have previously designed a series of motors that can be attached to gold and quartz surfaces that bear alkyne, azide and amine functionalities via covalent binding. [4] When these molecules are attached to a surface, two types of orientations can be distinguished: azimuthal [4a,b,c] and altitudinal [4d,e] (Scheme 5.1). Molecular motors with rotors in either orientation were shown to undergo rotary motion upon irradiation, however, the rotary speed of a previously designed bipodal motor was found to reduce significantly due to interference as a result of close packing of these motors on the surface (Scheme 5.1b).
[4d] Currently, among the key challenges in developing surface-bound devices based on molecular motors is the development of new and efficient strategies for surface preparation and to demonstrate unobstructed rotary motion in surfacebound systems. Here we report novel molecular motors containing a stator functionalized with multivalent acid groups for electrostatic attachment to amine-coated surfaces (Scheme 5.2).
[1e,5] The carboxylic acids do not require further activation prior to surface preparation, making this system advantageous over a previously reported system involving the reaction of carboxylic acid motors with amine-coated surfaces via an unstable acid chloride intermediate (Scheme 5.1a) .
[4b]
Scheme 5.2 Photochemical and thermal isomerization steps of motors 5.1 and 5.2
Reduction in rotary speed can be overcome by designing motors 5.1 with tetravalent stators to increase the free volume between the surface-bound motors and therefore minimize intermolecular interactions.
[4e] Molecular models show that meta-substitution of the biaryl units in the stator part of 5.1 with two carboxylates favors an azimuthal orientation of the rotor relative to the surface. A related 
Synthesis of the tetra-and bivalent molecular motors
The approach toward the synthesis of motor 5.1 and 5.2, which bears either four or two carboxylic acid groups at the meta-position of the biaryl units in the stator repectively, is depicted in scheme 5.3. [ †] † Jiawen Chen is acknowledged for the synthesis and characterization of 5.8 and 5.1. 117 3,6-Dibromo-9-fluorenone 5.3 [ 6 ] was converted to the corresponding hydrazone by heating at reflux in EtOH in the presence of hydrazine-monohydrate followed by oxidation to the diazo derivative 5.4 with manganese oxide (MnO 2 ) in THF. Thioketone 5.5 [7a] was reacted with diazo compound 5.4 in a Barton-Kellogg reaction, [8] followed by desulfurization, yielding dibromo motor 5.6 in 29% yield over two steps. The dibromo compound 5.6 was first functionalized with two dimethyl isophthalate groups through a Suzuki cross-coupling affording compound 5.8, followed by hydrolysis of the ester groups yielding tetrapodal molecular motor 5.1. The related bivalent motor 5.2 was also prepared using a similar procedure to the synthesis of 5.1.
Photochemical and thermal isomerization studies in solution
The photochemical and thermal properties of molecular motors 5.1 and 5.2 were studied by UV/vis absorption spectroscopy. The UV/vis absorption spectra of stable-5.1 (2.02 × 10 Irradiation with UV light (λ max = 365 nm) led to a red-shift of the bands at 399 and 402 nm, indicating photochemically induced formation of the unstable isomer (Scheme 5.2, step1). This red shift is consistent with increased strain at the central double bond, and hence the generation of an isomer with a higher energy ground state.
[2b] During irradiation, isosbestic points were maintained in each case.
Each sample was irradiated until no further change was observed, i.e. the photostationary state (PSS) was reached (Scheme 5.1a and 5.1b, dashed lines).
Allowing the PSS mixture of stable-5.1/unstable-5.1 or stable-5.2/unstable-5.2 to warm to rt resulted in a blue-shift of the bands to their original positions at 399 and 402 nm, which is consistent with thermal isomerization back to the corresponding stable isomers (Scheme 5.2, step 2). Kinetic analyses were performed on the thermal isomerization steps of both motors (Scheme 5.2, step 2) at several temperatures by monitoring the change in absorbance at 475 nm as a function of time. The data obtained was fitted with a monoexponential decay and the rate constants (k) for the thermal isomerization steps and the Eyring plots were obtained . Using the Eyring equation, it was determined that the thermal isomerization of unstable-5.1 → stable-5.1 has a Gibbs free energy of activation (Δ ‡ G°) of 84.5 kJ/mol (t 1/2 = 130 s at 293 K). Using the same procedure, the Δ ‡ G° of the thermal isomerization of unstable-5.2 → stable-5.2 was calculated to be 86.0 kJ/mol (t 1/2 = 227 s at 293 K). These values are similar to those obtained from structurally related motors. [2b,4e,7] By studying the photochemical and thermal behaviour of 5.1 and 5.2 in solution using UV/vis absorption spectroscopy, and by analogy with similar motor systems reported previously, [2, 4, 7] it was anticipated that 5.1 and 5.2 function as light-driven rotary motors in solution.
[2] The introduction of the carboxylic acid groups on the motor moiety does not have a significant influence on the photochemical and thermal behaviour of the molecular motors. 
Surface attachment and characterization
In order to compare the photochemical and thermal behaviour of the motors in solution to those on the surfaces, surface-attached motor assemblies 5.1 MS and 5.2 MS were prepared (Scheme 5.4; MS = Motor Surface, for further details on surface preparation, see experimental section). Following literature procedures, [4c] amine-coated surfaces were prepared by immersing piranha-cleaned quartz slides in a 1 mM solution of 3-aminopropyl (diethoxy)methylsilane in toluene at rt for 12 h. The substrates were then rinsed extensively with toluene and MeOH and dried under a stream of argon. Motors 5.1 and 5.2 were grafted to amine-coated surfaces by immersing the slides in a solution of CH 2 Cl 2 (10 -4 M) containing stable-5.1 or stable-5.2 at rt for 6 h, followed by extensive rinsing with CH 2 Cl 2 and drying under a stream of argon.
Scheme 5.4 Attachment of the tetra-and bivalent motors 5.1 and 5.2 to amine-coated quartz.
The presence of the motor on the surface was confirmed by UV/vis absorption spectroscopy and water contact angle measurements. The UV/vis absorption spectra of stable-5.1 MS or stable-5.2 MS showed the characteristic absorption bands of the motors ( Figure 5.2, solid lines) . The maxima of the major absorption band and the absorption profile are similar to that observed in MeOH solution (Scheme 5.1a and 5.1b, solid lines), indicating that the motors were attached to the amine-coated surface successfully. Water contact angles (WCA) of the amine and motor-coated surfaces were determined by contact-angle goniometry studies using the Sessile drop method. [9] Coating an amine-functionalized surface with molecular motor 5.1 or 5.2 resulted in an increase in WCA from 40 ± 1º for the amine-coated surface to 63 ± 1º and 73 ± 1º for 5.1 MS and 5.2 MS, respectively (Figure 5.3) . The lower WCA of 5.1 MS compared to 5.2 MS is likely due to the presence of two additional carboxylic acids per motor and the additional free volume between the surfacebound motors, which might allow the water to more easily access free amine groups. (Scheme 5.2, step 2). These observations are consistent with the thermal behaviour of unstable-5.1 and unstable-5.2 in MeOH.
To determine whether or not the surface immobilization compromises the rotary speed of the motors, the thermal isomerization step (Scheme 5.2, step 2) was measured by monitoring the decay of the absorbance at 475 nm as a function of time ( Figure 5.4) . The decrease in the absorbance for unstable-5.1 MS → stable-5.1 MS was fitted with a monoexponential decay, as for its solution analogue, and the half-life (t 1/2 = 161 s at rt) was extracted. This value is similar to the half-life observed in MeOH solution for unstable-5.1 → stable-5.1 (t 1/2 = 130 s at rt), indicating that the rotary motion of the tetravalent motor 5.1 shows minimal, if any, inhibition from neighbouring surface-bound motors. However, in contrast to solution phase experiments, the thermal decay for unstable-5.2 MS → stable-5.2 MS suggests more complicated dynamics when the bivalent motor 5.2 binds to the surface. The time dependent change in the UV/vis signal at 475 nm was found to fit a biexponential decay and two-half lives were extracted that differ by an order of magnitude at 293 K, suggesting that at least two processes occurred during thermal isomerization. The first half-life had a value of 544 s, which is approximately 2 times than the half-life observed in solution for unstable-5.2 → stable-5.2 (t 1/2 = 227 s at 293 K). The second half-life had a value of 3855 s, which indicates the thermal isomerization of the surface-bound motors is slowed down considerably compared to their solution analogue. The UV/Vis absorption of 5.1 MS is lower in intensity than the absorption than for 5.2 MS. We attribute the lower UV/vis signal to a lower surface coverage, although orientation can also affect the UV/vis absorbance. The lower surface coverage is most probably due to twisting of the diacid-benzene rings approximately 90 º relative to the benzene rings of the fluorene, creating more free volume between the rotors and forcing the motors to stand upright. In the case of 5.2 MS, the surface-binding benzoic acid units occupy less space and can assume more configurations compared to a fully bound divalent unit, maximizing the number of motors that can bind to a given area of the substrate. The more complicated exponential decay may reflect a non-uniform distribution and inhomogeneity (i.e. various tilt angles, supramolecular interactions) of free volume in the surface-bound ensemble. Non-monoexponential kinetics were previously observed when azobenzene-side chains were bound to the polymer films. The rate of cis → trans thermal isomerization in these azobenzene films was found to deviate from a simple monoexponential decay due to neighbouring effects on the motion of the azobenzene groups.
[10]
Conclusions
In conclusion, we described novel light-driven molecular motors containing either four or two carboxylic acid groups on the stator. The carboxylic acids allow for the motors to be attached to surfaces bearing amines without the need to activate the carboxylic acid (Scheme 5.1a) . Both motors preserved their rotary function when attached to the amine-coated surface. Thermal isomerization of 5.1 MS containing a tetravalent stator was not inhibited significantly by surface immobilization; however, 5.2 MS, which contains a bivalent stator, showed a large reduction in the speed of thermal isomerization, demonstrating how subtle differences in molecular structure can considerably impact dynamic processes at interfaces in nanoscale systems. These observations and the current design feature will be key in developing advanced, dynamic surface-anchored systems. 123
Experimental Section

General remarks
For general remarks on the synthesis and characterization of compounds and intermediates, see Chapter 2. Contact Angles were measured under ambient conditions on a Dataphysics contact angle goniometer with SCA20, version 3.60.2, and software supplied by Dataphysics. Equilibrium contact angles were obtained on 1 µL water droplets on amine-coated quartz, 5.1 MS, and 5.2 MS using the sessile drop method. The contact angle was measured at four different locations on each surface and the results were averaged. UV/vis absorption spectra were measured with a Jasco V-630 spectrophotometer attached with NCP-706 Cell holders for maintaining samples at a fixed and uniform temperature. To generate the motors in the unstable forms, samples were irradiated with UV light (Spectroline model ENB-280C/FE lamp, λ max = 365 nm; intensity ≈ 1.0 mW/cm 2 )
at a distance of 3 cm from the centre of the lamp. For monitoring the decay of the UV signals for unstable-5.1 → stable-5.1, unstable-5.2 → stable-5.2, unstable-5.1 MS → stable-5.1 MS, and unstable-5.2 MS → stable-5.2 MS at 475 nm as a function of time, a high-pass filter was mounted between the UV light source and the sample to cut off light with wavelengths below 460 nm to minimize photochemical isomerization occurring upon data recording.
Synthesis of compounds and intermediates
Compound 5. 4 To a solution of dibromo fluorenone 5.3 [6] (800 mg, 2.4 mmol) in EtOH (280 mL), N 2 H 4 •H 2 O (20 mL) was added and the solution was heated at 80 ºC for 6 h. Addition of water (10 mL) to the hot mixture followed by cooling to rt resulted in the precipitation of a pale yellow solid. The solid was filtered, washed with cold MeOH and dried in vacuo. MnO 2 (0.5 g, 5.75 mmol) was added to a stirred solution of this pale yellow solid in THF (20 mL) at rt for 2 h. The mixture was then filtered over a plug of SiO 2 and the solvent was removed under reduced pressure to afford diazo 5. 7, 131.8, 129.7, 125.7, 124.3, 124.1, 120.5, 118. Compound 5.6 Diazo 5.4 (400 mg, 1.15 mmol) was added to a solution of thioketone 5.5 [7a] (485 mg, 2.30 mmol) in toluene (120 mL). The mixture was heated at 90 ºC for 12 h and then PPh 3 (300 mg, 1.15 mmol) was added, followed by an additional 4 h heating at 90 °C. The mixture was cooled down to rt and CH 3 I (3 mL, 48 mmol) was added, followed by stirring at rt for 1 h. 0, 148.0, 140.5, 140.0, 138.6, 135.9, 135.7, 132.7, 131.6, 130.3, 129.6, 129.2, 128.9, 128.5, 127.1, 127.1, 127.0, 125.6, 125.3, 124.1, 123.1, 122.3, 121.0, 120.9, 45.5, 42.0, 19.3 152.2, 147.8, 141.5, 141.4, 140.5, 140.0, 139.7, 138.7, 138.5, 137.1, 136.2, 132.7, 131.6, 131.5, 131.2, 130.8, 130.6, 129.8, 129.6, 129.0, 128.8, 128.8, 128.4, 128.2, 128.1, 127.4, 126.8, 126.3, 126.2, 125.4, 125.1, 124.5, 124.0, 118.4, 117.6, 53.4, 52.3, 52.2, 45.5, 42.0, 19.5 9, 167.8, 152.4, 148.5, 140.9, 140.7, 140.6, 140.4, 139.4, 138.5, 138.4, 136.7, 135.7, 132.8, 132.1, 132.0, 131.9, 131.6, 131.5, 129.7, 129.6, 129.5, 129.3, 128.8, 128.7, 127.9, 127.8, 127.3, 127.0, 126.5, 126.0, 126.0, 124.9, 124.8, 124.7, 119.2, 118.6, 45.5, 41.9, 19.7 
Preparation of the surface
Quartz slides (Ted Pella, Inc) were cleaned by immersing in a piranha solution (3/7 ratio of 30% H 2 O 2 in H 2 SO 4 ) at 90 ºC for 1 h and rinsed copiously first with doubly distilled water (3 times), then with MeOH and dried under a stream of N 2 before surface modification (Caution! Piranha solution is highly corrosive and reactive toward organics). The piranha-cleaned quartz slides were silanized by [11] immersing in a 1 mM solution of 3-aminopropyl(diethoxy)methylsilane in freshly distilled toluene at rt for 12 h, then rinsed copiously with toluene and MeOH, sonicated first in toluene, then in MeOH and dried under a stream of argon. The amine-coated slides were immersed in dried CH 2 Cl 2 solution (10 mL) containing 5.1 or 5.2 (10 -4 M) at rt for 6 h, then the slides were removed, washed with copious CH 2 Cl 2 and dried under a stream of argon. 
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